Tissue microenvironment influences the function of resident and infiltrating myeloid-derived cells. In the central nervous system (CNS), resident microglia and freshly recruited infiltrating monocyte-derived macrophages (mo-MΦ) display distinct activities under pathological conditions, yet little is known about the microenvironment-derived molecular mechanism that regulates these differences. Here, we demonstrate that long exposure to transforming growth factor-b1 (TGFb1) impaired the ability of myeloid cells to acquire a resolving anti-inflammatory phenotype. Using genome-wide expression analysis and chromatin immunoprecipitation followed by next-generation sequencing, we show that the capacity to undergo pro-to anti-inflammatory (M1-to-M2) phenotype switch is controlled by the transcription factor interferon regulatory factor 7 (IRF7) that is down-regulated by the TGFb1 pathway. RNAi-mediated perturbation of Irf7 inhibited the M1-to-M2 switch, while IFNb1 (an IRF7 pathway activator) restored it. In vivo induction of Irf7 expression in microglia, following spinal cord injury, reduced their pro-inflammatory activity. These results highlight the key role of tissue-specific environmental factors in determining the fate of resident myeloid-derived cells under both physiological and pathological conditions.
Introduction
Resident microglia are the major specialized innate immune cells of the central nervous system (CNS). Following CNS injury, both brain-resident myeloid cells (microglia) and infiltrating monocytederived macrophages (mo-MΦ) are present at the site of injury. These two cell populations differ in their function (Shechter et al, 2009; Mildner et al, 2011) and origin (Ginhoux et al, 2010; Yona et al, 2013) ; the microglia are derived from primitive yolk-sac myeloid progenitors that arise before day 8 of embryogenesis, while the mo-MΦ are derived primarily from the bone marrow. In addition, differentiation of each of these cell types requires an overlapping, though non-identical set of transcription factors (TFs) McKercher et al, 1996; Schulz et al, 2012; Gomez Perdiguero et al, 2013; .
In general, the appropriate differentiation of macrophages to a classical inflammatory activated (M1) state or alternative suppressive (M2) state is critical for tissue homeostasis and immune clearance (Gordon, 2003; Gordon & Taylor, 2005) . During the process of wound healing or pathogen removal, monocytes infiltrate the damaged tissue, leading to a transient inflammatory response (M1) that is resolved either via local conversion to M2-like macrophages or through additional recruitment of anti-inflammatory cells (Auffray et al, 2007; Geissmann et al, 2008) .
Following acute injury, there is an immediate and crucial phase of microglial activation in the CNS (Block et al, 2007; Hanisch & Kettenmann, 2007; Centonze et al, 2009; Maezawa & Jin, 2010) ; however, these cells fail to acquire an inflammation-resolving phenotype (M2-like phenotype) in a timely manner, often resulting in self-perpetuating local inflammation and tissue destruction beyond the primary insult. Under such injurious conditions, recruitment of mo-MΦ (Rapalino et al, 1998; Shechter et al, 2009; London et al, 2011) or bone-marrow-derived monocytes (Rapalino et al, 1998; Heppner et al, 2005; Simard et al, 2006; Yin et al, 2006; Shechter et al, 2009; London et al, 2011; Derecki et al, 2012) to the lesion site was found to have a pivotal role in the repair process by resolving the microglial-induced inflammation. However, why microglia, unlike mo-MΦ, fail to acquire an anti-inflammatory phenotype under such pathological conditions remains an enigma.
It is conceivable that the limited ability of resident microglia to acquire an M2-like phenotype is either an inherent aspect of the microglial differentiation program or an outcome of the unique CNS microenvironment to which they are chronically exposed, as these cells have limited capacity for self-renewal (Jung & Schwartz, 2012) . In this context, it is important to note that the CNS microenvironment is characterized by enrichment of anti-inflammatory factors such as IL-13, IL-4, and members of the transforming growth factor-b (TGFb) family, recently shown to be manifested as a signature of adult microglial markers during homeostasis (Butovsky et al, 2013) . Whether and how the chronic exposure to TGFb imprints microglial activity under pathological conditions has not been investigated. The TGFb subfamily includes TGFb1, TGF2, and TGF3, whose Merav Cohen et al TGFb1 impairs phenotype switch by IRF7 suppression The EMBO Journal expression is abundant in the CNS (Constam et al, 1992; Flanders et al, 1998; Wyss-Coray, 2004) . TGFb1 expression by astrocytes, microglia, and neurons is up-regulated following CNS insult and is also up-regulated during aging (Finch et al, 1993) . Moreover, TGFb1 is involved in mitigating inflammation, promoting resolution (Fadok et al, 1998; Wyss-Coray et al, 2001; Huynh et al, 2002; McGeachy et al, 2007) , and is highly expressed relative to the other isoforms in the spinal cord following spinal cord injury (SCI) (Shechter et al, 2013 ). Here, we tested the hypothesis that the microglia, following extended exposure to TGFb1, undergo changes in gene circuitry that render them refractory to the signals inducing the switch from proto anti-inflammatory phenotype under inflammatory conditions. We found that extended ex vivo exposure to TGFb1 impaired the M1-to-M2 switch by myeloid cells. We further identified interferon regulatory factor 7 (IRF7) as a key transcription factor regulating the M1-to-M2 switch in microglia and macrophages, which is downregulated by TGFb1. In accordance with these results, we found that following SCI, microglia expressed reduced levels of Irf7 relative to mo-MΦ. Importantly, we demonstrate that this impairment could be reversed both in vitro and in vivo by the induction of Irf7 using IFNb1, which abrogated the TGFb1 imprint in vitro, and reduced the expression levels of microglia-derived pro-inflammatory cytokines in vivo following SCI.
Results

M1-to-M2 phenotype switch of newborn microglia is impaired by long exposure to TGFb1
To test our hypothesis that although microglia differ in their origin from monocyte-derived macrophages (mo-MΦ) (Ginhoux et al, 2010; Gautier et al, 2012; Yona et al, 2013) , their response under pathological conditions within the central nervous system (CNS) is dictated to a large extent by their microenvironment; we first assessed the ability of newborn-derived microglia (NB-Mg) to undergo M1-to-M2 phenotype switch. To this end, we adopted an established ex vivo model of macrophage polarization (Porta et al, 2009) , in which M1 polarization, which is known to be induced by brief exposure to lipopolysaccharide (LPS, 4 h), is inhibited as a result of extended LPS pre-exposure (20 h). Under such conditions, the cells switch to an M2-like (anti-inflammatory) phenotype and remain unresponsive to further LPS challenge. Using this ex vivo assay, we compared the response of NB-Mg following 4 h LPS challenge to their response to such a challenge following a long (20 h) pre-exposure to LPS (Fig 1A) . Cells were harvested, and total RNA was extracted to determine expression of characteristic pro-and anti-inflammatory genes. The gene expression profile of the treated NB-Mg showed their ability to undergo M1-to-M2 phenotype switch following long LPS pre-exposure, which was highly similar to the previously documented monocyte/macrophage M2-polarization phenotype (Foster et al, 2007; Porta et al, 2009) . Specifically, iNos, Tnfa, Il1b, Cxcl1, Cxcl2, and Cxcl10, M1-associated pro-inflammatory genes involved in CNS inflammation and neurodegeneration, were down-regulated in LPS-tolerant cells and barely induced following 4 h LPS re-challenge (Fig 1B) . Under the same experimental conditions, the prototype anti-inflammatory cytokine, Il10, was induced rather than suppressed in the LPS-tolerant NB-Mg and further elevated following re-challenge ( Fig 1B) . These results indicate that NB-Mg, similarly to macrophages, have an inherent capacity to switch from M1 to M2 phenotype ex vivo under prolonged inflammatory conditions (e.g., long exposure to LPS).
Next, NB-Mg were exposed, prior to LPS treatment, to factors prevalent within the CNS microenvironment, and their subsequent ability to undergo M1-to-M2 phenotype switch was examined. We used the same LPS tolerance model, but this time, the cells were first exposed to anti-inflammatory factors, such as TGFb1, TGFb2, IL-4, and IL-13, and only then to LPS (Fig 1A, bottom) . Our premise was that long exposure to such anti-inflammatory factors would create a form of tolerance to the tested anti-inflammatory cytokines and would imprint the inability to switch from M1-to-M2 phenotype during the subsequent long LPS incubation. Of the tested factors, only incubation with TGFb1 for 20 h, before the subsequent exposure to LPS tolerance conditions, prevented the LPS-induced polarization toward M2-like phenotype with respect to expression of key characteristic cytokines; thus, the cells exposed to TGFb1 prior to the LPS tolerance, showed down-regulation of Il-10 expression, and increased expression of the characteristic pro-inflammatory cytokines, including Il1b, Il6, Cxcl1, and Cxcl2 (Fig 1C) . Importantly, the pro-inflammatory bias caused by the extended pre-exposure to TGFb1, prior to the LPS, was not restricted to microglia; we . B NB-Mg were stimulated as described in (A), and RNA was analyzed by RT-qPCR for the expression of representative pro-and anti-inflammatory genes. C NB-Mg were stimulated as described in (A) and preconditioned with TGFb1 (100 ng/ml), IL-4 (10 ng/ml), IL-13 (10 ng/ml), or TGFb2 (100 ng/ml). RNA was analyzed by RT-qPCR for the expression of representative pro-and anti-inflammatory genes. Results are normalized to the expression of the housekeeping gene, peptidylprolyl isomerase A (PPIA), and expressed as fold increase relative to the mRNA levels of untreated cells (M). Asterisks are relative to the [LPS(20 h/4 h)] sample, unless indicated otherwise. D Mice were injured, and parenchymal segments of 0.5 mm from each side of the spinal cord lesion site were excised on the indicated days following SCI. Cells purified from the injured spinal cord parenchyma (n = 6) were incubated in growth medium (Materials and Methods) for 3 h and then washed and stained for the intracellular cytokine IL-10. E Flow cytometry quantification of percentage and number of mo-MΦ and resident microglia that expressed IL-10 at day 7 following SCI. Data are normalized to 10,000 cells. Student's t-test for percent of IL-10 + cells, P = 0.034; number of IL-10 + cells, P = 0.047.
Data information: Samples were prepared in triplicates, and results are representative of two or more different experiments. *P < 0.05, **P < 0.01, ***P < 0.005. Data are represented as mean AE SEM. Merav Cohen et al TGFb1 impairs phenotype switch by IRF7 suppression The EMBO Journal observed a similar effect when bone-marrow-derived macrophages (BM-MΦ) were tested under the same experimental paradigm ( Supplementary Fig S1A) . Notably, not all pro-inflammatory genes were affected; the expression of some genes, such as iNos, Tnfa, and Cxcl10, was not affected by TGFb1 pre-exposure in either NB-Mg or BM-MΦ (Supplementary Fig S1B) . The low Il10 expression level in NB-Mg following TGFb1 pre-exposure was reminiscent of adult microglial incompetence to secrete IL-10 in response to acute spinal cord injury (SCI), compared to high expression levels of this cytokine by mo-MΦ at the crucial phase of the repair process, day 7 (Fig 1D and E) . Collectively, these results support the hypothesis that a TGFb1-enriched microenvironment, to which adult microglia are exposed prior to CNS injury, impairs their ability to acquire an inflammation-resolving phenotype and to convert into M2-like cells under severe injurious conditions; in contrast, the blood-derived monocytes are freshly recruited and thus have no experience of TGFb1 pre-exposure.
Long exposure to TGFb1 activates a robust gene expression program in myeloid cells, with implications to CNS pathological conditions
To understand the molecular events elicited by long exposure to TGFb1, we measured genome-wide expression profiles, using RNASeq, of both BM-MΦ and NB-Mg along the time course of TGFb1 exposure ex vivo. Globally, 2,721 and 642 genes showed expression changes (twofold change; up or down) in response to TGFb1 in BM-MΦ and NB-Mg, respectively (Materials and Methods; Fig 2A) . Notably, TGFb1 induced a response that was similar in terms of gene expression pattern in both cell types, although they are of different developmental origin, BM versus yolk sac (Ginhoux et al, 2010) (Fig 2A) . BM-MΦ exhibited higher responsiveness to TGFb1 treatment compared to NB-Mg, reflected by the higher number of changed genes and the intensity of their change (P < 10 À5 ) (Fig 2B) .
The overall dynamic change of myeloid cell gene expression following long exposure to TGFb1 revealed global effects of TGFb1 on expression of genes involved in tissue repair processes (Supplementary Fig S2) , as well as on up-regulation of its own receptor, Tgfbr1 (Fig 2C) . To test the relevance of the observed effect of preconditioning with TGFb1, but not with TGFb2, on the M1-to-M2 switch ex vivo (Fig 1C) to the in vivo situation in adult CNS, we examined the expression levels of TGFb receptors by adult microglia and blood monocytes. Adult microglia and blood monocytes were isolated from CX3CR1 GFP/+ mice and were analyzed for their receptor levels. We found that resident adult microglia expressed higher levels of Tgfbr1 compared to blood-derived cells, whereas levels of Tgfbr2 were similar in both cell types (Fig 2D) . The higher expression of Tgfbr1 on adult microglia strengthened the potential relevance of TGFb1 to the fate of these resident myeloid cells. Since previous data showed that microglia and infiltrating mo-MΦ have distinct inflammation-resolving phenotypes following SCI (Rapalino et al, 1998; Shechter et al, 2009 Shechter et al, , 2013 , we isolated the activated resident microglia and the infiltrating mo-MΦ from the injured spinal cord and analyzed their global gene expression using RNA-seq. For this purpose, we used BM-chimeric mice, whose bone marrow cells were replaced with green fluorescent protein (GFP)-expressing bone marrow cells to enable accurate and pure cell separation of microglia and mo-MΦ ( Supplementary  Fig S3) . A high degree of chimerism was achieved using two sequential irradiations, the first consisting of low-dose (300 rad) total body c-irradiation, which induces lymphopenia and leads to lymphocyte extravasation from the lymph nodes (without inducing trafficking of immune cells to the CNS), and a second high-dose c-irradiation (950 rad), performed using head shielding to prevent blood-brain barrier breakdown (Derecki et al, 2012) . After sorting of activated resident microglia and infiltrating mo-MΦ at different time points following SCI, we determined the genome-wide expression profile of the distinct cell populations (Fig 2E) . Our goal was to test whether the gene expression imprint of long TGFb1 exposure on naïve myeloid cells, such as BM-MΦ (Fig 2A) , is similar to the unique gene expression signature of adult microglia during recovery from SCI, as these cells are chronically exposed to the ◀ Figure 2 . Long exposure to TGFb1 activates a robust gene expression program in myeloid cells. Total gene expression during a time course of 0, 1, 3, 6, 10, and 20 h following TGFb1 (100 ng/ml) treatment in BM-MΦ and NB-Mg analyzed by RNA-seq.
A mRNA expression profile of genes, whose expression level was elevated or reduced twofold in at least one of the time points in either TGFb1 stimulated BM-MΦ or NB-Mg. Genes were clustered according to k-mean of 20 (red, high relative expression; white, mean expression; blue, low relative expression). B Distributions of the number of genes expressed in BM-MΦ (blue) and NB-Mg (red) that were increased (right graph) or decreased (left graph) along the time course (Kolmogorov-Smirnov test, P-value < 10
À5
). C Expression levels of Tgfbr1 in BM-MΦ (blue) and NB-Mg (red) along the time course of TGFb1 treatment were analyzed by RNA-seq. D Peripheral CX3CR1 low
Ly6C
+ monocytes and resident microglia were sorted from non-injured CX3CR1 GFP/+ mice, and the expression of Tgfbr1 and Tgfbr2 was analyzed using RT-qPCR. RT-qPCR results are normalized to the expression of PPIA. E eGFP > WT chimeric mice were injured, and parenchymal segments of 0.5 mm from each side of the spinal cord lesion site were excised on different days following SCI. GFP + mo-MΦ and GFP À resident microglia were sorted by FACS and collected directly into lysis buffer. RNA was harvested, and gene expression profile was analyzed by RNA-seq. F Venn diagrams of genes that were up-regulated (left panel) or down-regulated (right panel) in BM-MΦ at least twofold by exposure to TGFb1 ex vivo (red) and genes from the in vivo kinetic studies whose expression was significantly different (P-value < 0.05) between microglia and mo-MΦ, selecting those that were expressed to a higher (left panel) or lower (right panel) extent in microglia compared to mo-MΦ along the kinetics following SCI (blue), respectively. Hypergeometric test for the intersection of up-regulated genes, P-value < 10 À5 ; hypergeometric test for the intersection of down-regulated genes, P-value = 3 × 10
À3
; n = 12 for all kinetic following SCI. G Expression profile of genes that were down-regulated at least twofold by BM-MΦ following exposure to TGFb1 ex vivo and were highly expressed by mo-MΦ compared to microglia (twofold) at days 3 and 7 following SCI, divided into functional groups. H Expression profile of genes that were up-regulated by BM-MΦ at least twofold following exposure to TGFb1 ex vivo and were highly expressed by microglia (twofold) compared to mo-MΦ at days 3 and 7 following SCI, divided into functional groups.
Data information: Data represent the average expression in two independent experiments; each experiment was performed in duplicate. Red, high relative expression; white, mean expression; blue, low relative expression. Merav Cohen et al TGFb1 impairs phenotype switch by IRF7 suppression The EMBO Journal by mo-MΦ compared to microglia over the course of the response to SCI (Fig 2F, right; blue; P-value < 0.05) overlapped with genes that were reduced ex vivo by TGFb1 in BM-MΦ that were not previously exposed to this cytokine (Fig 2F, right; red; twofold) . Global comparison demonstrated a significant overlap among the up-regulated genes (P < 10 À5 ), as seen by the intersecting genes (Fig 2F; Supplementary Tables S1 and S2 ). Next, we focused on genes that were altered by TGFb1 and might affect the microglial phenotype during the repair process (at days 3 and 7). We identified 20 genes that were decreased by TGFb1 treatment (twofold) ex vivo and were expressed at low levels (twofold) by microglia (Fig 2G) , and 41 genes that were elevated by TGFb1 and were more highly expressed in microglia in vivo compared to mo-MΦ during days 3 and 7 following SCI ( Fig 2H) ; among them were important immune response mediators and transcription factors (TFs). The comparison between the signature of TGFb1 on naïve myeloid cells and the CNS imprint on the resident microglia during the repair process suggests that TGFb1 has a significant role in shaping the adult microglial response under pathology.
The transcription factor IRF7 is required for the M1-to-M2 switch and is suppressed by TGFb1
In order to understand the mechanism underlying TGFb1 impairment of the M1-to-M2 switch, we further analyzed our global gene expression data, seeking TFs whose expression was altered by the extended exposure to TGFb1 (Fig 3A) . We first focused on clusters I and XII (Fig 3A) in which the TFs were expressed by both naive BM-MΦ and NB-Mg and were similarly and significantly changed along the time course of TGFb1 treatment. Among these TFs, we identified several candidates in cluster I: peroxisome proliferatoractivated receptor c (Pparc), a member of the nuclear receptor family of transcription factors that mediates transcriptional activation of anti-inflammatory genes (Jiang et al, 1998; Hyong et al, 2008; Kapadia et al, 2008) , and interferon regulatory factor 7 (Irf7), an essential TF for antiviral immunity (Honda et al, 2005; Amit et al, 2009) , whose involvement in the regulation of the M1-to-M2 switch has not been previously reported. The expression of both TFs was down-regulated ex vivo following TGFb1 exposure (Fig 3B  and C) . Notably, analysis of the Irf7 expression profile in the ex vivo model following continuous exposure to LPS (Fig 1A) revealed that Irf7 expression by both cell types was induced starting from the 4 h time point and remained high from 10 h onward following long exposure to LPS, during the M2-polarization period. Yet, BM-MΦ expressed higher levels of Irf7 compared to NB-Mg along the entire time course (Fig 3D) . Importantly, however, under the same LPS paradigm, levels of Irf7 expression in both BM-MΦ and NB-Mg were reduced in cells preconditioned with TGFb1 (Fig 3E) . To substantiate the novel functional role of IRF7 in the M1-to-M2 conversion, we used small interfering RNA (siRNA) to silence Irf7 expression in BM-MΦ ex vivo (thereby reducing Irf7 levels in BM-MΦ to levels comparable to those in microglia) and tested its impact on the expression of pro-and anti-inflammatory genes ( Fig 3F) . Importantly, Irf7 silencing decreased the levels of Il10 expression and elevated the pro-inflammatory cytokine, Il1b, and the chemokine, Cxcl1, in the LPS tolerance model (Fig 3F) .
To further substantiate our findings, attributing an important role to IRF7 in controlling microglial behavior at adulthood under injurious conditions, we first compared its expression levels by 'resting' microglia isolated from adult spinal cord parenchyma of CX3CR1 GFP/+ mice relative to naïve circulating blood monocytes
. A higher level (approximately fivefold) of Irf7 was observed in naïve monocytes as compared to healthy adult spinal cord-derived microglia (Fig 3G) . Quantitative PCR analyses of isolated microglia and infiltrating mo-MΦ following SCI (Fig 2E) revealed an increase in Irf7 expression on day 1, both in resident microglia and in the isolated mo-MΦ, which was rapidly reduced in microglia to basal levels, unlike in mo-MΦ, which maintained high levels of Irf7 expression from day 3 onward (P-value = 0.051) (Fig 3H) . Interestingly, microglial behavior over the course of ◀ Figure 3 . Pro-to anti-inflammatory phenotype switch is regulated by IRF7, which is suppressed by TGFb1.
A
Left panel: RNA-seq expression profile of transcription factor genes, whose expression level was induced or reduced by a factor of 2 on at least one of the time points in either BM-MΦ or NB-Mg stimulated with TGFb1 (100 ng/ml) along a time course of 0, 1, 3, 6, 10, and 20 h. Genes were clustered according to their time to peak. Cluster numbers (I-XII) are noted on the right, and cluster size is indicated in parentheses; representative member genes are identified on the left; red, high relative expression; white, mean expression; blue, low relative expression. Right panel: mean relative expression profiles for each cluster were calculated at each time point of the kinetics. B Gene expression profile of Irf7 and Pparc in BM-MΦ (blue) and NB-Mg (red) was analyzed from RNA-seq data. Data represent the average expression of two independent experiments; each experiment was performed in duplicate. The EMBO Journal TGFb1 impairs phenotype switch by IRF7 suppression Merav Cohen et al response to the injury revealed an inverse correlation between expression levels of Irf7 and that of the receptor to TGFb1, Tgfbr1 (Fig 3I) , in line with our ex vivo observations (Figs 2C, 3B and C). Overall, these results suggest that Irf7, which was down-regulated by TGFb1 and whose expression was less pronounced in microglia during homeostasis and following SCI relative to mo-MΦ, might be a potential candidate for curtailing the M1-to-M2 circuit in myeloid cells. Therefore, IRF7 might be one of the factors that are modified in microglia by the CNS microenvironment, resulting in their inability to express the resolving phenotype under pathological conditions.
IRF7 regulates the M1-to-M2 phenotype switch via down-regulation of the pro-inflammatory genes
To identify the genes that are potentially directly regulated by Irf7, we next performed chromatin immunoprecipitation followed by massively parallel sequencing (ChIP-Seq) of LPS-treated (2 h) myeloid cells. Since over the course of the recovery process following SCI, the mo-MΦ could differentiate to M1-like phenotype, at the early stage (days 1-3 post-injury), and M2-like phenotype, at the later stage (day 7 post-injury), we searched for the intersection of genes expressed at these days by the mo-MΦ in vivo with our Irf7 ChIP-Seq data. M1-related genes (green) were characterized by high expression at the initial days following the insult, while the genes that were highly expressed at day 7 were classified as M2-related genes (orange). We found a significant intersection between the genes involved in the M1 response (that were down-regulated during the repair process) and genes whose promoters were found to bind Irf7 following LPS activation (Fig 4A; P < 10 À5 ; Supplementary Table S3 ). Those M1-related genes whose promoters were bound by Irf7 following LPS treatment were classified into functional groups using PANTHER gene ontology (Fig 4B; Materials and Methods); among them, we focused on genes related to immune response and transcription regulation (Fig 4C; Supplementary Table  S3 ). For example, the expression level of pro-inflammatory genes whose promoters were bound by Irf7, such as Cxcl1, Cxcl2, Il1b, and Tnfa, was higher in microglia compared to mo-MΦ at days 3 and 7 following SCI, substantiating the functional link between the lower expression level of Irf7 (Fig 3H) and the pro-inflammatory profile observed in microglia at day 3 onwards following SCI (Fig 4D) . To elucidate a potential direct functional link between Irf7 expression levels and the ability of the microglia to switch from M1 to M2 phenotype, we examined whether induction of Irf7 using its well-known inducer, IFNb1, would restore the ability of microglia to acquire an M2 phenotype ex vivo (e.g., elevating the levels of Irf7 in microglia to approach those found in macrophages) (Fig 5A) . We first tested whether NB-Mg, which were exposed to TGFb1, would be able to re-express Irf7 under our experimental paradigm. To this end, we exposed the cells to IFNb1, a known inducer of Irf7. We found that the tolerant NB-Mg preconditioned with TGFb1 were able to express Irf7 following IFNb1 stimulation (Fig 5B) . Further, we observed that NB-Mg that were preconditioned with TGFb1 and stimulated with IFNb1 underwent M1-to-M2 phenotype switch. We found that these microglia showed high expression levels of Il10 and low expression levels of Cxcl1, Cxcl2, and Il1b, compared to NB-Mg that were only preconditioned with TGFb1 (Fig 5C) . These results indicate that the effect of TGFb1 on microglia can be abrogated by Irf7 induction, overcoming the inability to undergo an M1-to-M2 phenotype switch.
Finally, we tested whether Irf7 induction in vivo would enable overcoming the microglia impairment to switch phenotype by down-regulating the expression levels of pro-inflammatory cytokines following SCI. To this end, spinally injured GFP > WT chimeric mice were locally injected with IFNb1 (control mice were injected with PBS). Injections were performed directly into the parenchyma in order to elevate Irf7 expression in the inflammatory microglial cells located in close proximity to the lesion site. The time point for injection was determined based on the gene expression kinetics of inflammatory cytokines observed in microglia following SCI, in which we found that Tnfa and Il1b expression by sorted microglia peaked at day 1 and spontaneously, though not completely, resolved at day 3 following SCI ( Fig 5D) ; therefore, we injected IFNb1 24 h after the insult in order to increase Irf7 regulatory activity during the peak of microglial inflammation. Activated microglia were sorted ( Supplementary Fig S3A) 48 h and 72 h following SCI from the lesion site area of the injured spinal cords, for RNA extraction and evaluation of Tnfa and Il1b expression by RT-qPCR (Fig 5D) . Indeed, 12 h following IFNb1 injection (36 h following SCI), sorted microglia from the lesion site area exhibited significantly elevated Irf7 expression levels compared to control PBSinjected mice (Supplementary Fig S3B) . This induction of Irf7 expression by activated microglia was followed by significant reduction in Tnfa and Il1b expression levels observed at 48 h and 72 h following SCI, compared to microglial cells derived from the PBSinjected mice (Fig 5E) .
Overall, our data demonstrate that the in vivo gene expression profile of adult resident microglia following CNS insult overlaps with the expression signature of myeloid cells that were exposed to TGFb1. Moreover, we show that IRF7 plays a critical role in M1-to-M2 conversion of myeloid cells by negatively regulating expression of inflammatory pathway genes, such as Il1b, Tnfa, Cxcl1, and Cxcl2, and up-regulating expression of anti-inflammatory genes, such as Il10. Finally, our results demonstrate that restoring Irf7 expression by IFNb1 reactivates the circuits leading to M2 conversion by improving the resolution of pro-inflammatory cytokines expressed by microglia ex vivo and in vivo, following acute CNS insult.
Discussion
In the present study, we show that TGFb1, known to be one of the hallmarks of the CNS microenvironment, can imprint a molecular signature on myeloid cells that impairs their ability to switch from a pro-to an anti-inflammatory state. This phenotype switch is dependent on the transcription factor Irf7, found here to be down-regulated by long exposure to TGFb1. The relevance of these findings to microglial fate in vivo was demonstrated by comparing the signature of adult mouse microglia following injury to that of ex vivo stimulated cells.
Resident microglia are the exclusive innate immune cells of the CNS and maintain normal CNS function during homeostasis (Ziv et al, 2006; Hanisch & Kettenmann, 2007; Stevens et However, under severe acute or chronic activation, activated microglia may become neurotoxic over time, as they fail to undergo selfresolution of their inflammatory phenotype. Under such conditions, the inflammation-resolving function in the CNS is dependent on peripheral assistance from infiltrating mo-MΦ (Simard et al, 2006; Hanisch & Kettenmann, 2007; Shechter et al, 2009; London et al, 2011; Derecki et al, 2012) . Although microglia differ from monocytes in their origin (Ginhoux et al, 2010; Gautier et al, 2012; Schulz et al, 2012) , we found here that, similarly to macrophages, NB-Mg have the intrinsic capacity to acquire an anti-inflammatory polarization under extended LPS incubation, which induces M1-to-M2 conversion. Therefore, we suggest that adult microglial incompetence to switch phenotype following severe injury is a consequence of their long exposure to the CNS microenvironment.
TGFb1 is among the molecules (Vitkovic et al, 2001; Ponomarev et al, 2007; Kierdorf & Prinz, 2013 ) that constitutively support adult CNS maintenance by contributing to the life-long anti-inflammatory milieu. However, in contrast to the anti-inflammatory effect of short exposure to TGFb1 (Qian et al, 2008) , the present study suggests that continuous exposure to this cytokine (Martinez-Canabal et al, 2013) has significant drawbacks under severe and potentially chronic inflammatory conditions. Thus, using genome-wide expression analysis (Amit et al, 2009 (Amit et al, , 2011 , we found that long exposure to a TGFb1-enriched milieu led to a dramatic down-regulation in the expression level of the TF, IRF7, a master regulator of IFNa/b immune response against viruses (Honda et al, 2005) , which we showed here to be critical for myeloid cell conversion from a pro-to an anti-inflammatory state. While TGFb/Smad3 signaling regulates the activity of IRF7 and induces IFNb expression (Qing et al, A-C ChIP-Seq of Irf7 was performed on GM-CSF-induced bone marrow cells (stimulated 2 h with LPS or untreated controls). (A) Venn diagram of genes whose expression in vivo by mo-MΦ was either elevated (M2-related genes, orange) or decreased (M1-related genes, green) at day 7 relative to the first 3 days following SCI (P-value < 0.05) and genes whose promoters were bound by Irf7 (blue) (hypergeometric test: green-blue intersection, P-value < 10
À5
; orange-blue intersection P-value = 0.4). (B) Pie chart dividing the M1-related genes, whose promoters were bound by Irf7 (green-blue intersection) to functional groups using the PANTHER database of gene ontology (Materials and Methods). (Sato et al, 1998 (Sato et al, , 2000 . Notably, the long ex vivo exposure of both NB-Mg and BM-MΦ to TGFb1, found here to impair their key repair-related activities, including phagocytosis, production of ECM-degrading enzymes, and additional basic antiinflammatory immune functions, is consistent with reports of the limited resolving activity of adult microglia under pathological conditions (Simard et al, 2006; von Bernhardi et al, 2007; Shechter et al, 2011) . Irf7 expression was found here to be functionally linked to the phenotype switch in both BM-MΦ and NB-Mg under inflammatory conditions. The functional link between phenotype switch from M1 to M2 polarization and expression of Irf7 was further substantiated ex vivo by both silencing Irf7 expression in M2-polarized macrophages and showing that treatment with IFNb1, which up-regulated the IRF7 pathway, restored the phenotype switch of TGFb1-pretreated microglia. Sorting activated microglia and mo-MΦ from the lesion site of adult spinally injured mice, as well as of naïve microglia and blood monocytes from uninjured animals, confirmed the low Irf7 expression by microglia, similar to the effect of ex vivo exposure to TGFb1. Notably, high Irf7 expression was associated with the anti-inflammatory gene expression profile of mo-MΦ following SCI. Accordingly, in vivo intervention of IFNb1 injection, in order to induce Irf7 expression in activated microglia, was resulted in reduced inflammatory gene expression in these cells following SCI.
Taken together, the present study identifies a novel phenomenon of TGFb1-induced tolerance, demonstrating that long exposure to TGFb1 induces an altered state of responsiveness to anti-inflammatory signals. Our data revealed that beyond expression of distinctive markers during homeostasis (Butovsky et al, 2013) , the TGFb1-enriched environment impaired microglial ability to switch from M1-to-M2 phenotype under inflammatory conditions, through a reduction in Irf7 expression levels. These findings suggest that the circuitry underlying the exposure of microglia to TGFb1 within the adult CNS microenvironment might be a double-edged sword, enabling their essential functions under normal physiological conditions, but imprinting incompetence to resolve inflammation under severe pathology. Thus, the tissue microenvironment may have a major effect on the phenotype of myeloid cells residing in it, not only during homeostasis, but also in their subsequent functional response to pathology. Interventions to alter these environmental effects, such as Irf7 induction in resident microglia, might have a therapeutic benefit in reducing CNS inflammation during pathology (Fig 6) .
Materials and Methods
Animals
Adult male C57BL/6J, Cx3cr1 GFP/+ (Jung et al, 2000) , and eGFP mice aged 8-10 weeks or neonatal (P0-P1) C57BL/6J mice were used. Animals were supplied by the Animal Breeding Center of the Weizmann Institute of Science. All animals were handled according to the regulations formulated by the Institutional Animal Care and Use Committee (IACUC).
BM radiation chimeras
eGFP > WT BM chimeras were prepared by subjecting mice to lethal split-dose c-irradiation (300 rad followed 48 h later by 950 rad with head protection). After 1 day following the second irradiation, the mice were injected with 5 × 10 6 bone marrow cells harvested from the hind limbs (tibia and femur) and forelimbs (humerus) of eGFP donor mice. BM cells were obtained by flushing the bones with Dulbecco's PBS under aseptic conditions and then collected and washed by centrifugation (10 min, 1,250 rpm, 4°C). After irradiation, mice were maintained on drinking water fortified with ciproxin for 1 week to limit infection by opportunistic pathogens. The percentage of chimerism was determined in the blood according to percentages of GFP-expressing cells out of circulating monocytes (CD115). Using this protocol, an average of 90% chimerism was achieved.
Spinal cord injury
The spinal cords of deeply anesthetized mice were exposed by laminectomy at T12, and contusive (200 kdynes) centralized injury was performed using the Infinite Horizon spinal cord impactor (Precision Systems), causing bilateral degeneration without complete penetration of the spinal cord. The animals were maintained on twice-daily bladder expression. Animals that were contused in a nonsymmetrical manner were excluded from the experimental analysis.
Intra-parenchymal injections
The spinal cords of deeply anesthetized mice were exposed 1 day following spinal cord injury, and two injections of 1 ll PBS or IFNb1 (800 ng/ml) were performed at the margins of the lesion site, in depth of 1.2 mm and injection rate of 250 nl/min. GFP > WT chimeric mice were injured and intra-parenchymal-injected 24 h later with IFNb1 (two injections of 800 U/25 g at the margins of the lesion site) or PBS. Parenchymal segments of the spinal cord lesion site (0.3 mm on both sides of the lesion) were excised 48 h and 72 h following SCI. Il1b and Tnfa expression in microglia was analyzed in non-injured mice, and at 1 h, 16 h, day 1, and day 3 following SCI by RNA-seq (n = 2 at each time point). E GFP À activated microglia were sorted by FACS at 48 h (n = 4) and 72 h (n = 10; pool of three different experiments) following SCI, RNA was extracted, and gene expression levels of Il1b (P-value (48 h) = 0.013; P-value (72 h) = 0.026) and Tnfa (P-value (48 h) = 0.019; P-value (72 h) = 0.034) were analyzed by RT-qPCR.
Data information: *P < 0.05, **P < 0.01, ***P < 0.005. The EMBO Journal TGFb1 impairs phenotype switch by IRF7 suppression Merav Cohen et al
Flow cytometry analysis and sorting
Mice subjected to spinal cord injury were killed by an overdose of anesthetic, and their spinal cords were prepared for flow cytometric analysis by perfusion with PBS via the left ventricle. The injured sites of spinal cords were dissected from individual mice (parenchymal segments of 0.5 mm from each side of the spinal cord lesion site), and tissues were homogenized using a software-controlled sealed homogenization system (Dispomix; http://www.biocellisolation.com). Cells were analyzed on a FACS-LSRII cytometer (BD Biosciences) using FlowJo software. Isotype controls were routinely used in intracellular experiments. All samples were filtered through an 80-lm nylon mesh and blocked with Fc-block CD16/32 (BD Biosciences). Next, samples were stained using the following antibodies: FITC-conjugated CD11b, Percp Cy5.5-conjugated Ly6C, and PE-conjugated CD115 were purchased from eBioscience; PE-conjugated isotype control IgG2b(k), Pacific Blue-conjugated CD45.2, and APC-conjugated Ly6G were purchased from Biolegend; PE-conjugated IL-10 was purchased from BD Biosciences.
In sorting experiments, 500 microglia and mo-MΦ cells derived from eGFP > WT chimeras were sorted using SORP-FACS sorter (BD Biosciences) into 25 ll of lysis buffer at different time points following SCI. RNA was extracted from sorted cells, DNA libraries were produced, and sequencing was conducted, as described below.
Mixed brain glial and primary microglial cultures
Brains from neonatal (P0-P1) C57BL/6J mice were stripped of their meninges and choroid plexus in Leibovitz-15 medium (Biological Industries, Beit Ha-Emek, Israel). After trypsinization (0.5% trypsin, 10 min, 37°C, 5% CO 2 ), the tissue was triturated. The cell suspension was washed in DMEM supplemented with 10% FCS, 1 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 lg/ml streptomycin. The brain glial cells were cultured at 37°C, 5% CO 2 in 75-cm 2 Falcon tissue-culture flasks (BD Biosciences), pre-coated with poly-D-lysine (PDL) (10 lg/ml; Sigma-Aldrich, Rehovot) for 5 h, and then washed thoroughly with sterile distilled water. The medium was replaced after 24 h in culture and every 2 nd A B C Figure 6 . A model depicting the molecular mechanism explaining the perturbed M1-to-M2 switch by microglia.
A During homeostasis, the CNS microenvironment is enriched with the anti-inflammatory cytokines TGFb1 and TGFb2, and adult microglia express their relevant receptors. As a result of chronic exposure to a TGFb1-enriched microenvironment, the mRNA levels of Irf7 are down-regulated in microglia, and the anti-viral program is shut off; consequently, the transcription of IRF7-induced genes is suppressed. B A CNS insult results in the activation of resident microglia and a robust M1 response, characterized by the induction of the inflammatory program (NF-jB) and the transcription of pro-inflammatory cytokines such as Tnfa, Il1b, Cxcl1, and Cxcl2 and the down-regulation of Il10 expression. The low expression levels of Irf7, resulting from long microglial exposure to TGFb1, prevent the switch to M2 anti-inflammatory phenotype and lead to a vicious cycle of the M1 response in adult microglia. C Treatment of the TGFb1-imprinted microglia, under inflammatory conditions, with IFNb1, induces Irf7 expression and consequently the expression of IRF7-associated genes. IRF7 induction rescues the switch from M1 to M2 phenotype, possibly through inhibition of the NF-jB pathway. The up-regulation of IRF7 results in direct suppression of pro-inflammatory gene expression (e.g., Tnfa, Il1b, Cxcl1 and Cxcl2) and in indirect induction of Il10 transcripts. Black dotted lines denote pathways that are not fully characterized in this study; gray broken lines denote the suggested pathway. Merav Cohen et al TGFb1 impairs phenotype switch by IRF7 suppression The EMBO Journal day thereafter, for a total culture period of 10-14 days. Microglia were shaken off the primary mixed brain glial cell cultures (170 rpm, 37°C, 6 h) with maximum yields between days 10 and 14 and seeded (10 5 cells/ml) onto 24-well plates (1 ml/well; Corning, Corning, NY) pretreated with poly-D-lysine. Cells were grown in culture medium for microglia [RPMI-1640 medium (SigmaAldrich, Rehovot) supplemented with 10% FCS, 1 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 lg/ml streptomycin]. After seeding, NB-Mg were left untreated, stimulated with 100 ng/ml LPS (E. coli 055:B5, Sigma-Aldrich, Rehovot) for 4 h or stimulated with 100 ng/ml LPS for 20 h, washed with warm culture medium, and re-challenged with 100 ng/ml LPS for 4 h.
Bone marrow macrophage culture
Bone marrow progenitors were harvested from C57BL/6J mice and cultured for 7 days on Petri dishes (0.5 × 10 6 cells/ml) in RPMI-1640 supplemented with 10% FCS, 1 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 lg/ml streptomycin, and 50 ng/ml M-CSF (Peprotech). At day 7, cells were detached with cold PBS and replated on 24-well tissue culture plates (0.5 × 10 6 cells/ml; Corning, Corning, NY). On day 8, BM-MΦ were either left untreated, stimulated with 100 ng/ml LPS (E. coli 055:B5, SigmaAldrich, Rehovot) for 4 h or stimulated with 100 ng/ml LPS for 20 h, washed with warm culture medium, and re-challenged with 100 ng/ml LPS for 4 h.
Activation reagents
BM-MΦ and NB-Mg were preconditioned for 20 h with 100 ng/ml TGFb1 (Peprotech), 10 ng/ml IL-4 (Peprotech), 10 ng/ml IL-13 (Peprotech), or 100 ng/ml TGFb2 (Peprotech), washed with culture medium, stimulated for 20 h with 100 ng/ml LPS, washed again, and then re-challenged for 4 h with 100 ng/ml LPS. Cells were then washed with PBS, and total RNA was extracted. For induction of Irf7 expression, LPS-polarized NB-Mg were stimulated with 1,000 U/ml IFNb1 (PBL Interferon Source) for 1 h prior to an additional 4 h LPS re-challenge (100 ng/ml).
RNA interference
BM-MΦ were transfected with siRNA directed against Irf7 or scrambled siRNA (Dharmacon) with Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions. In brief, siRNA and Lipofectamine were diluted in Opti-MEMI Reduced Serum Medium (Invitrogen), mixed, incubated for 20 min at room temperature, and added to the BM-MΦ cultures. The cells were incubated with the transfection mixture for 5 h, and the BM-MΦ were stimulated as described above. The IRF7 siRNA consisted of four pooled 19-nucleotide duplexes. The sequences of the four duplexes were CCAACAGUCUCUACGAAGA, CCAGAUGCGUGUUCCUGUA, GAGC GAAGAGGCUGGAAGA, and GCCCUCUGCUUUCUAGUGA.
Gene expression analysis
RT-qPCR NB-Mg and BM-MΦ were stimulated as described above and washed with PBS. Total RNA of in vitro cultured or in vivo sorted cells following SCI was extracted with the miRNeasy kit according to the manufacturer's instructions (Qiagen). For RNA extraction from the spinal cord, the excised tissues were homogenized in Tri-reagent (Sigma-Aldrich) and RNA was extracted with the RNeasy kit according to the manufacturer's instructions (Qiagen). RNA was reversetranscribed with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems), amplified using SYBR green I Master Mix (Roche), and detected by the LightCycler 480 (Roche) in duplicates.
Results were normalized to the expression of the housekeeping gene, peptidylprolyl isomerase A (PPIA), and then expressed as fold up-regulation with respect to the control sample. For a list of the primers that were used in this study, refer to Supplementary Methods.
RNA sequencing NB-Mg and BM-MΦ were harvested at different time points following TGFb1 or LPS preconditioning. Total RNA was extracted with the miRNeasy kit according to the manufacturer's instructions (Qiagen). RNA concentrations of the samples were measured using Qubit HS RNA kit (Invitrogen), and quality was tested using TapeStation HS RNA. Total RNA (100 ng) was heat-fragmented at 94°C for 5 min into fragments with an average size of 300 nucleotides (NEBNext Magnesium RNA Fragmentation Module), and the 3 0 polyadenylated fragments were enriched by selection on poly-dT beads (Dynabeads, Invitrogen). The RNA was reverse-transcribed to cDNA using smart-scribe RT kit (Clontech). Illumina-compatible adaptors were added using NEB Quick ligase, and the DNA library was amplified by PCR using P5 and P7 Illumina-compatible primers (IDT). DNA concentration was measured by Qubit DNA HS, and the quality of the library was analyzed by Tapestation (Agilent). DNA libraries were sequenced on Illumina HiSeq-1500 with average of 5.8 million aligned reads per sample.
Pre-processing of RNA-seq data All reads were aligned to the mouse reference genome (NCBI 37, MM9) using the TopHat aligner (Trapnell et al, 2009) . The raw expression levels of the genes were calculated using Scripture (Guttman et al, 2010) , an ab initio software for transcriptome reconstruction. Normalization was performed using DESeq (Anders & Huber, 2010) , a method based on the negative binomial distribution, with variance and mean linked by local regression. To analyze genes expressed by NB-Mg and BM-MΦ along the kinetics of TGFb1 exposure, we identified those genes that were expressed at a threshold greater than 30 (relative to t = 0) on at least one time point along the time course, and among them, we selected only those that showed twofold or greater change in at least one time point relative to others along the kinetics. To analyze genes expressed by sorted microglia and mo-MΦ along the kinetics of following SCI, we identified those genes that were expressed at a threshold greater than 10 (relative to t = 0) on at least one time point along the time course. For further analysis, genes were categorized into functional groups using PANTHER database of gene ontology (Mi et al, 2013) . K-means clustering-Twofold changed genes were clustered by partition of n observations to k clusters in which each observation is assigned to the cluster with the nearest mean. We used the next input, k = 20 and a table log2 data of effect X (t = n) À X (t = 0) and a column of X (tÀ0) . Clusters were manually reordered.
Chromatin immunoprecipitation (ChIP)-Seq
Whole-genome Irf7-binding profiles were obtained using highthroughput chromatin immunoprecipitation (HT-ChIP) as described before (Garber et al, 2012) . Briefly, GM-CSF-treated bone-marrowderived dendritic cells were collected following 2 h of LPS treatment or untreated control. Cells were cross-linked with formaldehyde and lysed, and chromatin was fragmented by sonication. Irf7-DNA complexes were immunoprecipitated using anti-Irf7 antibody (Bethyl laboratories). After thorough washes, reverse cross-linking, and RNase and proteinase K treatment, a sequencing library was generated, followed by Illumina sequencing HiSeq-1500 (50 base, SR). Sequenced data reads were aligned to the mouse reference genome NCBI 37 MM9 using bowtie version 4.1.2. Bowtie alignments were processed by Scripture (Guttman et al, 2010 ) to obtain significantly expressed transcripts for each time course. Data were filtered by peak intensity of 40.
Statistical analysis
Data were analyzed using Student's t-test to compare between two groups. One-way or two-way ANOVA tests were used to compare several groups; the Bonferroni post-test (P = 0.05) was used for follow-up pairwise comparison of groups. Kolmogorov-Smirnov test was used to compare distributions. Hypergeometric distribution test was used to compare observed and expected gene lists size. The specific tests used to analyze each set of experiments are indicated in the figure legends. The results are presented as mean AE standard error mean (SEM). *P < 0.05, **P < 0.01, ***P < 0.001.
Data deposition
RNA-seq and ChIP-seq data are deposited in the Gene Expression Omnibus (GEO) database under accession numbers GSE62698 and GSE62697, respectively. The data can be viewed from the following Web site: http://www.ncbi.nlm.nih.gov/geo.
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